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INTRODUCTION 

Information on t h e  r a t e s  o f  coa l  d i s s o l u t i o n  which i s  needed i n  t h e  
design o f  r e a c t o r s  i n  a c o a l  l i q u e f a c t i o n  p l a n t  has  been very l i m i t e d ;  
t h e r e f o r e ,  mcthods a r e  needed by which d i s s o l u t i o n  r a t e  d a t a  can be 
ex t r apo la t ed  t o  o t h e r  o p e r a t i o n  cond i t ions .  In t h i s  s e c t i o n ,  t h e  r a t e s  
of s o l v a t i o n  of coa l  i n  v a r i o u s  o i l s  under hydrogen p res su re  without t h e  
p re sence  of c a t a l y s t  a r e  examined. 

The r l e  o f  s o l v e n t s  i n  coa l  l i q u e f a c t i o n s  has  been discussed by 
Ocle e t  a17 1. Anthracene o i l ,  for example, i s  a good so lven t  when used 
a t  a h igh  temperature  about  700°K; and t h e  so lven t  i t s e l f . c a n  be recovered 
from t h e  s o l u t i o n  s u b s t a n t i a l l y  unchanged. 
presumed t o  f a c i l i t a t e  thermal  degradat ion o f  coa l  causing breakage o f  
t h e  coa l  i n t o  sma l l e r  and more r e a d i l  d i s s o l v a b l e  fragments.  In  r e c e n t  
yea r s ,  many i n v e s t i g a t o r s C  
process  t h e  hydrogen added t o  t h e  coa l  is l a r g e l y  der ived from t h e  v e h i c l e  
so lven t  such a s  r e c y c l e  o i l ,  anthracene o i l  or p a r t l y  hydrogenated phenan- 
thene.  The func t ion  of hydrogen and c a t a l y s t  is t o  subsequent ly  re-hydro- 
genate  t h e  v e h i c l e  s o l v e n t .  Once a p a r t  of t h e  c o a l  has  been brought i n t o  
t h e  s o l u t i o n  by phys ica l  d i s s o l u t i o n  o r  by p a r t i a l  hydrogenation, t h e  
molecular  spec ie s  der ived from t h e  coa l  can migrate  i n  t h e  s o l u t i o n  where 
it can be f u r t h e r  hydrogenated. 

The a c t i o n  o f  so lven t  i s  

3 9  4~ ’1 have p o s t u l a t e d  t h a t  i n  t h e  l i q u e f a c t i o n  

, 

Curran e t  a l r  ’1 s t u d i e d  t h e  k i n e t i c s  o f  t h e  t r a n s f e r  of hydrogen 
from t e t r a l i n  t o  bituminous c o a l  and coal e x t r a c t s .  
t h e  d i s s o l u t i o n  is a first o rde r  r e a c t i o n ,  and assumes t h a t  thermal 
decomposition o f  coa l  i n t o  f r e e  r a d i c a l  comp ne t s  occurs  wi th  t h e  slowest 
c h a r a c t e r i s t i c  r a t e  c o n s t a n t .  Klopper e t  a l p  4 ”  noted a markcd inc rease  
on coa l  d i s s o l u t i o n  a s  t h e  p a r t i a l  p re s su re  of hydrogen was increased i n  
a batch autoclave system. 

They proposed t h a t  

I n  t h i s  s tudy  a r a t e  equa t ion  f o r  d i s s o l u t i o n  o f  coal  under hydrogen 
p res su re  is proposed which can d e s c r i b e  f a i r l y  c l o s e l y  
d a t a  r e p o r t e f  by P i t t s b u r g  E Midway Coal Mining Company1 6 1  and t h e  Univer- 
s i t y  o f  Utah 7 . Data ob ta ined  by Colorado School o f  Mines[gI a r e  used t o  
compare t h e  s u l f u r  con ten t  i n  desu l fu r i zed  c o a l .  

he experimental  

Un ive r s i ty  of Utah Coal Hydrogenation 

The da ta  on coa l  hydroso lva t ion ,  without c a t a l y s t ,  from t h e  Un ive r s i ty  
of Utah a r e  examined i n  t h i s  s tudy . 
hydrogen pressure i n  a ba t ch  s t i r r c d  tank rci lc tor .  
performed i n  a temperature  range of  400-500eC, undcr a hydrogen p res su re  
of 0-2000 p i g ,  with a r e s i d e n c e  time ranging from 2 t o  30 minutes.  

Coal was s l u r r i e d  i n  a coa l  der ived o i l  and was hydro t r ea t ed  under 
Experiments were 
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Analysis of t h c  coal  u s c d  i s  shown i n  Tahlc 1 .  Examining t h e  d a t a  r epor t ed ,  
an rmpi r i ca l  r a t e  cquat  ion i s  proposcd hcrc which sccnis t o  r ep resen t  t h e  
d i s s o l u t i o n  r a t e s  c l o s c l y .  l'hc proposcd r a t c  cxpression has t h e  form: 

[ r a t e  of I= [ r a t c  l e j c f i o n  of undissolved oa l - so lven t  
d i s s o l u  t ion cons t an  t s o l i d  o rgan ic s  J g f  r a t i o  1 

o r  x < 0 .95  (1) 

\ 

1 

where rA +s  t h e  r a t e  o f  d i s s o l u t i o n  i n  gm. p e r .  h r .  C . C .  r e a c t o r  volume, 
Cso i s  t h e  weight f r a c t i o n  o f  o rgan ic s  i n  t h e  un t r ea t ed  c o a l ,  

k i s  t h e  d i s s o l u t i o n  r a t e  cons t an t  i n  gm. p e r .  h r .  p e r  C .C .  

X i s  t h e  conversion,  de f ined  as (amount of s o l i d  o rgan ic s  d i s so lved) /  
r e a c t o r  volume 

(amount o f  s o l i d  o rgan ic s  i n  t h e  un t r ea t ed  c o a l ) ,  
and i s  t h e  coal  t o  so lven t  (weight) r a t i o .  

In t eg ra t ing  Equation (1) gives:  

ln(1-X) = - k * O  

where O f o r  t h e  ba t ch  r e a c t o r  i s  def ined a s  (C ) (  )('), 

and 
so s t is  t h e  r e a c t o r  t ime i n  hours ,  

Cao i s  grams o f  ash f r e e  coa l  p e r  C . C .  of r e a c t o r  volume. The 
va lue  of Cao i s  e s t ima ted  t o  be 0.245 gm/c.c. f o r  t h e  Utah 
experiments.  

The Un ive r s i ty  o f  Utah 's  d a t a  a r e  shown i n  Figure 1 i n  terms o f  
ln(1-X) and 8 a s  suggested by t h e  above equa t ion .  Three hydrogen 
p rcs su re  l e v e l s  were i n v e s t i g a t e d  and t h e  e f f c c t  o f  p re s su re  on t h e  
d i s s o l u t i o n  r a t e  cons t an t ,  k ,  i s  shown i n  Figure 2. This  f i g u r e  
suggests  an exponent ia l  dependency o f  t h e  r a t e  cons t an t  of t h e  hydrogen 
p a r t i a l  p re s su re .  Incorporat ing t h e  hydrogen p res su re  e f f e c t  on t h e  
r a t e  cons t an t ,  and assuming an Arrhenius temperature  dependency, t h e  
r a t e  equat ion given by Equation (1) t akes  t h e  form 

rA = koEXP.(-E/RT) exp(0.000684 P ) (Cso) (1-X) (k) H2 S 

where t h e  d i s s o l u t i o n  r a t e  cons t an t ,  k ,  i n  Equation (1) and (2) is 
assumed t o  have t h e  form k = koexp (-E/RT) exp (BPH~) and P H ~  i s  t h e  
p a r t i a l  p re s su re  o f  hydrogen i n  p s i a .  

(3)  

The Unive r s i ty  o f  Utah 's  experimental  d a t a  a r e  then  shown i n  Figure 
3 p l o t t e d  i n  t h e  form suggested by Equation (2) and t a k i n g  i n t o  account  
t h e  hydrogen p res su re  dependency o f  t h e  d i s s o l u t i o n  r a t e  cons t an t .  In 
Figure 4 t h e  temperature dependency of t h e  d i s s o l u t i o n  r a t e  cons t an t  is  
assumed, and t h e  a c t i v a t i o n  energy is found from t h e  Arrhenius p l o t  
(gfven i n  Figure 5 ) t o  be about 11 Kcal/mole. 
u s ing  t h e  above a c t i v a t i o n  energy a r e  compared with experimental ly  
rcported convcrsions i n  Figurc 6 .  
t h e  agreement i s  good. 

Calculated conversions 

I t  can be seen from t h i s  f i g u r e  t h a t  

Y 
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Solvent  Refined Coal (SRC) Process 

The experimental  da  a or the  SRC process  are taken  from P i t t s b u r g  and 
Midway's monthly r e p o r t s  6 f  . Raw coal  was pulver ized  t o  -150 mesh and 
mixed with s o l v e n t  (Table 2 gives  t h e  a n a l y s i s  o f  t h c  coal  used) .  The 
coa l -so lvent  s l u r r y  was pumped toge ther  with hydrogen, through a prehea t  
c o i l  (an 18 f o o t  l e n g t h  o f  high p r e s s u r e  tub ing  having 13/64 inch I.D.) 
t o  a r e a c t o r  zone o r  " d i s s o l v e r  c o i l "  ( length  t o  diameter  r a t i o  = 1O: l ) .  
The d i s s o l v e r  was opera ted  i n  a temperature  range of  375-450'C and a 
p r e s s u r e  range of  1500-2000 p s i g ,  (a major i ty  of t h e  experiments were 
run a t  1500 p s i g ) .  
b lack  feedstock (FS120) and anthracene type so lvent .  

Two modes o f  o p e r a t i o n  were s tud ied :  r e c y c l e  and t h e  s i n g l e -  
ThrOWhputmode. The r e c y c l e  stream c o n s i s t e d  o f  e i t h e r  u n f i l t e r e d  c o a l  
s o l u t i o n ,  or a mixture  o f  u n f i l t e r e d  coal  s o l u t i o n  and d i s t i l l e d  l i q u i d  
product .  The s i n g l e  throughput  opera t ion  used t h e  d i s t i l l e d  l i q u i d  
product  from t h e  prev ious  experimental run a s  t h e  so lvent  feed for t h e  
next  r u n .  

The s t a r t i n g  s o l v e n t s  for t h e  experiments were carbon 

The performance equat ion  f o r  t h e  plug flow r e a c t o r  used  i n  t h e  SRC 
experiments i s  s i m i l a r  t o  t h e  performance equat ions f o r  a batch r e a c t o r  
used by the Univers i ty  o f  Utah given by Equation (2) i f  t h e  q u a n t i t y  0 
is redef ined  . 

For t h e  plug-flow r e a c t o r  and s i n g l e  throughput opera t ion  Equation 
(2) becomes 

ln(1-X) = - k . 9 '  (4) 

For t h e  plug-flow r e a c t o r  and t h e  recyc le  mode opera t ion  i n t e g r a t i o n  o f  
Equation (1) g ives  

1-x2 
1-x1 I n  (-) = -k .e '  

v c  
F S  where 8 '  = (-)(-)(Cso) is  i n  hr.-c.c./gm., V i s  t h e  volume of t h e  r e a c t o r  

i n  c.c. ,  F i s  t h e  mass flow r a t e  of s o l i d  organics  i n t o  
r e a c t o r  i n  gm. p e r  h r . ,  and X i .  X z  a r e  conversions a t  t h e  
e n t r y  and e x i t  of  a recyc le  r e a c t o r .  

Based on P i t t s b u r g h  and Midway's d a t a  ln(1-X) or  I n  (( l -X2)/( l -X1))  
The s l o p e  of  t h e  

Assuming on Arrhenius  
was p l o t t e d  a s  a f u n c t i o n  of  e * ,  as shown i n  Figure 7 .  
l i n e  through t h e  d a t a  r e p r e s e n t s  t h e  value o f  (-k). 
dependency of  t h e  d i s s o l u t i o n  r a t e  c o n s t a n t ,  k, on temperature  ( i . e . ,  
kuexp(-E/RT), t h e  s l o p e  o f  t h e  curve of  I n  k versus  1/T ( s e e  i n  Figure 9) 
is equal  t o  (-E/R). 
be 4 .5  Kcal/mole wi th  ko = 15.34 gm/hr.-c.c. 
depcndcnce of t h e  d i s s o l u t i o n  r a t e  on t h e  p a r t i a l  p r e s s u r e  of  hydrogen 
t h a t  was observed f o r  Univers i ty  of Utah 's  experiments was assumcd f o r  t h e  
P i t t sburgh  and Midway's cxpcrinients. 
which must be  v a r i f i o d  by f u r t h e r  exper iqents .  

, 

The va lue  of  t h e  a c t i v a t i o n  energy,  E ,  is found t o  
I n  c a l c u l a t i n g  ko t h e  same 

This  i s  a t e n t a t i v c  assumption 

' I  

I 
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'lhe small  a c t i v a t i o n  energy siizgests t h a t  t h e  r a t e  o f  d i s s o l u t i o n  
is probably c o n t r o l l e d  by t h e  coun te r -d i f fus ion  of d i s so lved  o rgan ic  
coniponents from coa l  t o  solvent  and t h e  d i s so lved  hydropm i n  t h e  
so lvcn t  t o  t h e  coa l  p a r t i c l e .  
energy and t h e  proposcd r a t e  expression coiivcrsions a r e  c a l c u l a t e d  
and compared with t h e  experimental  va lues  r epor t ed  by P i t t s b u r g h  and 
Midway a s  shown i n  Figure 9. 
can be seen. 

Using t h e  above va luc  o f  t h e  a c t i v a t i o n  

Fa i r ly  good agreement between t h e  two 

Colorado School o f  Pline Su l fu r  Removal Experiments 

Colorado School o f  Mines performed a f a c t o r i a l  experimental  design 
on d e s u l f u r i z a t i o n  o f  c o a l .  Although, t h e i r  experiments were no t  i n -  
t en ted  f o r  k i n e t i c  s t u d i e s  of coa l  d i s s o l u t i o n ,  t h e  r e l a t i o n  between 
t h e  percent  s u l f u r  i n  desu l fu r i zed  coa l  and t o t a l  s u l f u r  con ten t  of feed 
can be compared with t h a t  of P i t t sbu rgh  & Midway Co. hs shown i n  Figure 
11. I t  can be noted t h a t  t he  anthracene o i l  curve obtained from t h e i r  
experiments ag rees  c l o s e l y  with t h a t  of runs obtained by P i t t s b u r g h  & 
Midway Co. a l s o  from anthracene type so lven t .  

Discussion 

The a c t i v a t i o n  energy f o r  d i f f u s i o n  of a non-polar  chemical spec ie s  
i n  coa l  de r ived  l i q u i d  can be est imated t o  be 4 . 3  t o  6.0 kcal/gmole which 
is approximately i n  t h e  range o f  t h e  a c t i v a t i o n  energy observed i n  t h e  
Universi ty  of Utah 's  and P i t t sbu rgh  and Midway's coa l  d i s s o l u t i o n  
experiments.  Thus, it seems reasonable  t h a t  t h e  d i s s o l u t i o n  o f  coa l  i n  
solvent-hydrogen mixtures  may be d i f f u s i o n  c o n t r o l l e d .  

The r a t e  o f  coa l  d i s s o l u t i o n  appears t o  be independent o f  t h e  coa l  
p a r t i c l e  s i z e  d i s t r i b u t i o n  w i t 1  
considered. There i s  evidcncei'y t h a t  l i q u e f a c t i o n  process  i s  no t  a 
s teady e ros ion  o f  a coal  p a r t i c l e ,  from t h e  ou t s ide ,  but  r a t h e  t h e  
so lven t  p e n e t r a t e s  t h e  p a r t i c l e  pores  causing swe l l ing  and d i s i n t e g r a t i o n  
o f  t he  p a r t i c l e s ,  exposing new s u r f a c e  a t  which d i s s o l u t i o n  can t a k e  
p l ace .  Apparently f o r  some c o a l s ,  temperature above 370-390°C, t h e  coa l  
p a r t i c l e s  appear t o  puff  up l i . ke  popcorn and d i s i n t e g r a t e  i n t o  sma l l e r  
fragements.  

t h e  range of ope ra t ing  cond i t ions  

The l i n e a r  dependence of t h e  d i s s o l u t i o n  r a t e  on t h e  
coal-solvent  r a t i o ,  (C/S), i s  shown i n  Figure 10, i n  which t h e  
quan t i ty  -ln(l-X)/[k(V/F) (Cso)] i s  shown a s  a func t ion  o f  (C/S). 
Thi.s l i n e a r  r e l a t i o n  is observed f o r  coa l - so lven t  r a t i o s  ranging 
from 0 .2  t o  0 .6 .  

. . . . . . . 

Comparison o f  Figures  1 and 7' r e v e a l s  t h a t  t h e  r a t e  cons t an t  
from Universi ty  of Utah's experimental  runs is l a r g e r  than t h a t  from 
P i t t s b u r g  and Midway's runs ( see  a l s o  Figure 21).  
t i o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h c  ba t ch  r e a c t o r  with a s t i r r i n g  
device probably had niorc tubu lcn t  con tac t ing  between solvent.  and coa l  
p a r t i c l e s  (hcnce,  high niass t r a n s f e r  c o e f f i c i e n t s )  than t h e  t u b u l a r  

r\ p o s s i b l e  explana- 

1 
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r c a c t o r  of P i t t sbu rgh  and Midway cxpcriments.  Furthermore,  s i n c e  the  
Univers i ty  of Utah and P i t t sbu rgh  and Mi'dway used d i f f e r e n t  coa l s  
f a c t o r s  such a s  rank of coa l ,  geologica l  h i s t o r y ,  and minera l  con ten t  
i n  ash could have a f f e c t c d  l i q u e f a c t i o n  r a t e .  In p a r t i c u l a r ,  mineral  
ma t t e r  contained i n  t h e  coa l  has been thought t o  ca t a lyzc  coa l  d i s s o l u t i o n .  

I n  Solvent Refined Coal process  and i n  most continuous coa l  

It i s  
l i q u e f a c t i o n  p rocesses ,  a p rehea t ing  s e c t i o n  i s  u s u a l l y  r equ i r ed  t o  
hea t  t h e  incoming feed  stream of  t h e  d i s s o l u t i o n  r e a c t o r .  
p o s s i b l e  t h a t  p a r t i a l  d i s s o l u t i o n  of the coa l  t a k e s  p lace  i n  t h i s  
s e c t i o n .  Thercfore ,  t h e  c o n t r i b u t i o n  of  t h e  prehea ten  s e c t i o n  i n  
d i s so lv ing  t h e  coa l  should be considered i n  ana lyz ing  t h e  d i s s o l u t i o n  
k i n e t i c .  

. 

Conclusions 

(1) The coa l  d i s s o l u t i o n  d a t a  obtained from t h e  P i t t s b u r g  and 
Midway Company and t h e  Un ive r s i ty  of  Utah have been eva lua ted  based 
on a proposed d i s s o l u t i o n  r a t e  equa t ion ,  
based on t h e  proposed k i n e t i c  r a t e  express ion  agree  f a i r l y  c l o s e l y  with 
t h e  experimental  convers ions  r epor t ed  by t h e  Un ive r s i ty  of  Utah ' s  
coa l  hydrogenation experiments and P i t t s b u r g  and Midway's SRC expe r i -  
mcnt. The r a t e  of d i s s o l u t i o n  f o r  x < 0.95 can be represented  by t h e  
fo l lowing  empir ica l  equat ion .  

The ca l cu la t ed  convers ions  

r A  = koexp(-E/RT) (Cso) (1-X) (!$exp(0.000684 . P H ~ )  

I l l i n o i s ,  River  King Coal Kentucky No. 9 Coal 

where ko 2125 gin/hr.-c.c.  15.3 & h r . - c . c .  

E 11 Kcal/g-mole 4.5 Kcal/g-mole 

(2) The tempera ture  e f f e c t  on t h e  r a t e  cons t an t  f o r  bo th  p rocesses  
has  been examined and t h e  a c t i v a t i o n  ene rg ie s  f o r  coa l  d i s s o l u t i o n  vary  
depending on t h e  type  o f  coa l  and con tac t ing  dev ices  used. 
t h e  small a c t i v a t i o n  e n e r g i e s  ca l cu la t ed  from experimental  d a t a ,  i t  i s  
pos tu l a t ed  t h a t  t h e  r a t e  of d i s s o l u t i o n  i s  probably con t ro l l ed  by t h e  
d i f f u s i o n  of some o rgan ic  component from t h e  coa l  s u r f a c e  i n t o  so lven t -  
hydrogen mixture .  

Based on 

(3)  The d i s s o l u t i o n  r a t e  of coa l  appears t o  depended exponen t i a l ly  
on t h e  hydrogen p a r t i a l  p re s su re .  
needed t o  v a l i d a t e  t h i s  conclus ion .  

However, f u r t h e r  i n v e s t i g a t i o n s  a r e  

(4 )  A rough r e l a t i o n  exists between t h e  p rccen t  of  s u l f u r  i n  s o l i d  
coa l  f e d  and t h e  pe rcen t  of s u l f u r  remaining i n  desu l fu r i zed  coa l  f o r  a 
given type o f  s o l v e n t .  

Acknowlcdgmcnt 

The au tho r s  j i r a t c f u l l y  acknovledjic t he  slipport o f  
Coal Rcsearch, nepartmcnt o f  t h e  I n t e r i o r ,  Washii~gton, t he  Of f i ce  of 

D . C .  

i 

i 

\ 

Y 



i 

! 

22 1 

> '  
I '  

' \, 
' '\ 

1 
I 

x 
P 

TABLE 1 

Analysis  o f  Coal Uscd i n  11 Univers i ty  o f  Utah 's  Coal 
llydrogcnation E ~ p c r i m e n t s ~ ~ ~  I l l i n o i s ,  River King Coal.  

Proximate w t . %  Ultimate (maf) w t . %  

Moisture 5.6 Carbon 79.7 

Ash 9.9 tlydrogcn 5.4 

V o l a t i l e  Matter  36.7 Nitrogen 2.1 

Fixed Carbon __ 47.8 S u l f u r  3 .8  

Oxygen ( d i f f . )  9.0 
100.0 

100.0 

TABLE 2 

Analysis o f  Coal Used i n  t h e  SKC Process[61 Kentucky No. 9 Coal 

Proximate w t . %  U1 t ima te  w t . %  (dry) 

Moisture 3.90 9.34 Carbon 70.56 72.76 

Ash 11.33 8.40 Hydrogen 4.87 5.24 

V o l a t i l e  Matter  36.35 35.28 Nitrogen 1.48 1 . 6 3  

Fixed Carbon 48.42 46.98 Chlorine .07 -10 

S u l f u r  4 .27 3.35 

Ash 11.79 9.27 

100.00 100.00 

Oxygen ( d i f f )  6.96 7.65 
100.00 100.00 
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Figure 3 CORRELATION OF K I H E T I C  RATE EQUATION ON COAL DISSOLUTION 
(Temp. = 450°C)  
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Figure 10 E F F E C T  OF COAL T 3  SOLVENT R A T I O  ON CCAL L IQUEFACTION.  
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Figure 11. ESTIMATION OF SULFUR LEVELS IN DESULFURIZED COAL. 

Colorado School o f  Mines exp't runs 
with tetralin as solvent (1973) 
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Figure 11. ESTIMATION OF SULFUR LEVELS IN DESULFURIZED COAL. 

0 Colorado School of Mines exp't runs 
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